The densification behavior and strength of sintered reaction bonded silicon nitrides (SRBSN) that contain Lu 2 O 3 -SiO 2 additives were improved by the addition of fine Si powder. Dense specimens (relative density: 99.5%) were obtained by gas-pressure sintering (GPS) at 1850 o C through the addition of fine Si. In contrast, the densification of conventional specimens did not complete at 1950 o C. The fine Si decreased the onset temperature of shrinkage and increased the shrinkage rate because the additive helped the compaction of green bodies and induced the formation of fine Si 3 N 4 particles after nitridation and sintering at and above 1600 o C. The amount of residual SiO 2 within the specimens was not strongly affected by adding fine Si powder because most of the SiO 2 layer that had formed on the fine Si particles decomposed during nitridation. The maximum strength and fracture toughness of the specimens were 991 MPa and 8.0 MPa·m 1/2 , respectively.
Introduction
ecause of the combination of unique properties possible with silicon nitride, such as the excellent mechanical properties and thermal stability, as well as the low coefficient of thermal expansion and density, intensive research has been reported for this material's industrial application. However, the high production cost, which is partly attributed to the price of the high quality raw powder and the non-conventional sintering conditions such as high temperature and pressure, is one of the major reasons hindering the use of this nitride. Expensive machining processes, including the use of hot press, are additionally required when the products have a two-dimensional shape.
1)
Sintered reaction bonded silicon nitride (SRBSN) is fabricated by the mixing of Si powder with sintering additives and the subsequent shaping, nitridation, and sintering of the powder compact. This material has several advantages such as the low price of Si powder and the small shrinkage compared to that of conventional Si 3 N 4 ; these advantages make this material particularly attractive for the production of relatively large components. 2, 3) In particular, gas pressure sintering (GPS) and pressureless sintering are favorable sintering processes of SRBSN for the densification of large components having complex shape. caused by impurities, has high viscosity at elevated temperatures. In addition, the liquid phase easily crystallizes during cooling after densification. Consequently, Si 3 N 4 prepared with Lu 2 O 3 additive has excellent high temperature mechanical properties.
5)
Hot-pressing has been generally applied for the densification of Si 3 N 4 with Lu 2 O 3 -based sintering additives. 6) As a result, the obtained components have restrictions of shape, and highly expensive machining has frequently been required for the fabrication of components.
In spite of the benefits of SRBSN, the gas pressure sintering of SRBSN containing Lu 2 O 3 -based sintering additives has hardly been reported on. This is mainly due to the high refractoriness of the additive system. In the present investigation, the gas pressure sintering of SRBSN containing Lu 2 O 3 -SiO 2 sintering additives at relatively low temperature is reported.
Experimental Procedure
Two types of Si powders, with average particle size of 7 µm (Vesta ceramics, Grade 4, Ljungaverk, Sweden, purity: 99%), and 2 µm (Vesta ceramics, Grade 2, purity: 98.6%), were used as starting materials. The chemical composition of the as-received Si powders is summarized in Table 1 .
7)
SiO 2 (Kosundo Chemical, Saitama, Japan, 99.9%) and B Lu 2 O 3 (Alfa Aesar, Ward Hill, MA, USA, 99.9%) were used as sintering additives. The sintering additives were crushed and mixed using a planetary mill at 130 revolutions per minute (r.p.m.) for 2 h, using de-hydrated ethanol, Si 3 N 4 milling media, (φ: 5 mm). The ball to powder ratio was fixed at 15 : 2 during the milling process. The additive mixtures were dried using a rotary evaporator. In order to produce the fine Si particles, Si powder with d 50 = 2 µm was crushed using a planetary mill at 250 r.p.m. for 12 h with dehydrated ethanol, Si 3 N 4 milling media. The ball to powder ratio was 75 : 1. Subsequently, 0, 5, 10, 20, and 30 wt% of crushed Si particles (termed FS0, FS5, FS10, FS20, and FS30) were mixed with the coarse (d 50 : 7 µm) Si powder and sintering additives using a ball mill for 12 h with ethanol, Si 3 N 4 balls, and a polyethylene bottle. The amount of sintering additives, and the mass ratio between Lu 2 O 3 : SiO 2 were fixed at 10 wt% and 8 : 2 by weight, respectively. The particle sizes of the powders were measured using a laser diffraction particle size analyzer (LS 13 320, Beckman Coulter, Brea, CA, USA).
The obtained powder mixtures were uni-axially pressed to 35 × 29 × 4 mm in size and compacted under 200 MPa pressure using a cold isostatic press (CIP). The resultant specimens were nitrided at 1450 o C for 2.5 h in flowing N 2 atmosphere. The nitridation ratio of the specimens was calculated by measuring the mass change after the nitridation process. The pore size distribution, phase formation and microstructure of the obtained specimens were measured using a mercury porosimeter (Autopore 4, Micrometrics, Norcross, CA, USA), X-ray powder diffraction (XRD, D/MAX 2200, Rigaku, Tokyo, Japan) with Cu K α radiation, and scanning electron microscopy (SEM, JSM 5800, Jeol, Tokyo, Japan), respectively. The alpha-to-beta ratio of the resultant Si 3 N 4 specimens was calculated from the XRD data using the formula proposed by Gazzara et al. 8) . Subsequently, the specimens were machined to 4 × 4 × 25 mm in size and their sintering shrinkage behavior was analyzed up to 1850°C using a high temperature dilatometer (409C, Netzsch, Selb, Germany) with a heating rate of 10°C/min. in flowing N 2 atmosphere (100 ml/min.). Gas pressure sintering (GPS, FPW 100/150-2200-100-LA, Elatec Inc., Andover, MA, USA) was performed at 1600 -1950 o C under a 0.5 -5 MPa pressure N 2 atmosphere. The heating rate and holding time were set to 12.7°C/min. and 4 h, respectively. The gas pressure was set to 2 MPa at room temperature and was increased to 5 MPa at the sintering temperature. The pressure was set to 0.5 MPa when sintering at 1600 -1700 o C because the thermal decomposition of Si 3 N 4 does not intensively occur under these conditions. During GPS the specimens were placed in a powder bed that was composed of the same amount of Si 3 N 4 (Grand Chemical & Materials Co., Daejeon, Korea) and BN (China Abrasive Import & Export Corp., Zhengzhou, China, 99%).
The microstructure and pore size distribution of the specimens sintered at 1600 and 1700 °C were analyzed with SEM and a mercury porosimeter, respectively, in order to understand the microstructural change in the intermediate temperature range. After sintering at 1700 °C, the residual oxygen contents of the FS0, FS10, and FS20 samples were analyzed using inert gas carrying melting-infrared absorptiometry (TC-600, Leco, St. Joseph, MI, USA). The bulk densities of the sintered samples were measured using Archimedes' method at 20-23 o C. The specimens were machined to 1.5 × 2.0 × 25 mm in size according to the ASTM standard.
9) The upper and lower sides of the specimens were ground using #200 and #600 grit, respectively. 4-point bending strength was measured by fixing the upper and lower span length to 10 and 20 mm. The crosshead speed was set to 0.3 mm/min.
Fracture resistance as a function of crack length was obtained by introducing surface cracks with a total length of approximately 100 mm using a Vickers indenter with a 3 kg load to place three indentations along the tensile axis centerline in the inner span region of the polished tensile surface.
6) The samples were tested using a four-point flexure test module (Kammrath and Weiss Inc., Dortmund, Germany) that was mounted on the stage of an optical microscope (model M11, Nikkon Corporation, Tokyo, Japan). The four-point fixture had an inner span of 6.35 mm and an outer span of 19.05 mm. The applied load was monitored using a solid state load cell whose output signal was displayed on a digital monitor. This test module was mounted on an x-y stage (Digital Positioners model 9536, Beockeler Instruments, Tucson, AZ, USA) and displayed digitally (Digital Readout model Quadra-chek 2000, Metronic Inc., Bedford, NH, USA). This arrangement allowed the monitoring of the length of the cracks normal to the tensile axis as a function of the applied load. The fracture resistance (applied stress intensity) as a function of the total crack length (C t ) measured in the surface for each applied stress (σ appl ) was calculated using the expression; 10)
where c is 0.5 C t . Fig. 1 shows the particle size distribution of the raw powder mixture with and without the crushed Si. Two peaks were observed at 2 µm and 7 µm in the FS0; these peaks originated from the sintering additives and the Si particles, respectively. In contrast, a new peak formed at 0.3 µm when c π adding the fine Si, indicating that the particle size decreased from 2 µm to 0.3 µm due to the planetary milling. Table 2 shows the effects of the fine Si on the green density, density after nitridation, nitridation ratio, and sintered density. After CIP, the green density increased when adding the comminuted Si because the fine powder filled the pores that were located between the large Si particles. An improvement of compaction has been reported in bimodal powder systems when the ratio between the large and small particle size is higher than ten.
Results and Discussion

Powder treatment, forming and nitridation
11) This beneficial effect has been reported to be prominent when the quantity of fine particles was 25 -30%. Likewise, the relative density of the FS30 was higher than that of the FS0 after CIP (45.6 vs. 47.1%). Fig. 2 shows the XRD data of the FS0 and FS20 samples after nitridation. Lu 4 Si 2 O 7 N 2 was formed in both conditions. Lu 4 Si 2 O 7 N 2 is a very stable crystalline phase at elevated temperatures and has been observed in Si 3 N 4 ceramics with superior high temperature properties.
12) Peaks of residual Lu 2 O 3 or SiO 2 were not observed. The ratios of β-Si 3 N 4 in the FS0 and FS20 samples, calculated from the peak intensity of α-and β-Si 3 N 4 , were 16.4 and 20.6 wt%, respectively. The fine Si promoted the α-to-β phase transformation during nitridation. The content of metal impurities in the powder mixture increased due to the addition of 2 µm Si powder, which had a rather low purity (99 vs. 98.6%). Tieg et al.
reported an enhancement of phase transformation during nitridation when using low purity Si powder. 13) Fe, which was contained in the 2 µm Si powder, was reported to form SiFe x alloy, and promoted the nitridation of Si. In addition, 0.1 -0.5 wt% of Fe was reported to promote the α-to-β phase transformation.
14,15)
The incorporation of sintering additives from the milling media during the fine grinding of Si particles is another reason for the enhanced phase transformation. The crushed Si powder contained 0.25 wt% of sintered Si 3 N 4 , originated from the milling balls and jar. EDS analysis showed the presence of Al within the Si 3 N 4 balls. Al was reported to promote the formation of the β-phase. Fig. 3 shows the sintering shrinkage behavior of the specimens with the changing content of fine Si. Densification was clearly improved by the addition of fine Si powder, especially when the content of the fine particles was at or above 10 wt%. The onset shrinkage temperature of the FS0 -FS30 samples were 1640, 1572, 1574, 1607, and 1568°C, respectively, showing the decrease of the sintering temperature with the increase of the amount of comminuted Si powder (Fig. 3(a) ). The sintering shrinkage continued during the holding stage at 1850 o C for 30 min., especially in the FS20 and FS30 samples.
15)
Densification
The onset shrinkage temperatures of the FS5 -FS30 sam- ples, obtained from the differential data of the shrinkage curve ( Fig. 3(b) ), were 1556, 1524, 1518, and 1485 o C, respectively, which values were lower than those obtained from the shrinkage curve. The minimum shown in Fig. 3(b) indicates the temperature at which the sintering shrinkage occurred the most rapidly. The values of the FS0 -FS30 samples were 1763, 1777, 1781, 1781, and 1781 o C, respectively, indicating that the fine Si did not decrease the temperature of maximum shrinkage. Table 3 The shrinkage rate by re-arrangement during liquid phase sintering is estimated as follows:
where, L o : sample length, t: time, ∆P: capillary pressure, w: liquid thickness, D: solid particle size, and η: liquid viscosity. Fig. 4 shows the microstructure of the FS0 and FS20 samples after sintering at 1600 and 1700 o C. The grain size of the FS20 sample was smaller than that of the FS0 sample, which caused the improvement of densification due to the decrease of the value of D in formula (2). Table 2 , the green density increased due to the addition of the fine Si because the fine powder filled the pores between the coarse Si particles. The densification of highly refractory materials can be improved by increasing the green density.
16) The enhanced densification of the SRBSN due to the addition of the fine Si is partly attributed to the increase of the green density. The crushed fine Si particles promoted the formation of fine Si 3 N 4 after nitridation, which is another reason for the decrease of the pore size. The pores enlarged with increasing sintering temperature due to the grain growth. The pore size of the FS0 sample increased more strongly than that of the FS30 sample after sintering at 1700 o C because the grain growth was suppressed and the sintering shrinkage was promoted in the FS30 sample. The linear sintering shrinkage values of the FS0, FS10, and FS20 samples at 1700 o C were 1.15, 1.77 and 2.44%, respectively. Fig. 6 shows the change of the relative density and the a/ b-phase ratio of the FS0, FS10 and FS20 samples after sintering at 1600 and 1700 o C. The difference of relative density between the FS0 and FS20 samples was 0.9% after nitridation, which value increased to 1.8 and 5.6% after sintering at 1600 and 1700 o C, respectively. The beneficial effect of fine Si on densification was already possible to observe at 1600 o C, but the effect became distinct at 1700 o C. These results are in accordance with those obtained from the dilatometer. The β-Si 3 N 4 contents of the FS0 and FS20 samples were 57 to 71% after the sintering at 1600 o C. Since the α-β phase transformation occurs through a solution-precipitation mechanism, the fine Si 3 N 4 grains generated from the fine Si particles after nitridation might give rise to the easier phase transformation than that without fine Si addition. Fe and Al impurities in the Si powder were reported to promote the formation of β-Si 3 N 4 .
13-15) The chemical contents of Fe, Al, and Ca in the 2 mm Si particles were 0.33, 0.13, and 0.04 wt% higher than those in the 7 mm powder, respectively. Consequently, the enhancement of the α-to-β phase transformation in the specimens containing fine Si powder was believed to be caused by impurities such as Fe and Al. The impurities did not strongly promote the densification. Evans and Moulson reported that the addition of a small amount of Al 2 O 3 , Fe 2 O 3, and CaO did not strongly change the densification of Si 3 N 4 .
17) Tieg et al. also reported an increase of β-Si 3 N 4 ratio after nitridation, while the sinterability of the resultant SRBSN did not strongly change when decreasing the purity of the Si powder. 13) SiO 2 was formed on the surface of the Si particles by oxidation during the crushing of the Si particles, which crushing may promote densification by increasing the amount of liquid silicate phase. However, the amount of residual oxygen was not strongly affected by the amount of crushed Si powder Table 4 . The SiO 2 that was formed on the Si particles was mostly removed by reaction (3) above 1300 o C during nitridation.
18)
The calculated nitridation ratio, which was obtained by measuring the weight gain, has been reported to decrease when nitriding Si powders with a large amount of SiO 2 . The mass loss due to the decomposition of the oxide layer was reported to compensate for the weight gain due to nitridation. Similar results were observed in the present research when increasing the amount of the comminuted fine Si powder (Table 2) . (Table 4) . With the addition of the fine Si powder, the maximum strength increased up to 7% while the sintering temperature was decreased because of the filling of the large pores and the suppression of the grain growth.
The optimum sintering temperature, the temperature required to give the highest strength, decreased with the increase in the amount of fine Si. The strength of the FS0 and FS5 samples improved with increase in the sintering temperature up to 1950 o C because densification played a more important role than grain growth. On the other hand, the maximum strength of the FS20 and FS30 samples was achieved after densification at 1900 and 1850 o C, respectively. Above the temperature for nearly full densification, the grain growth became the major factor decreasing the strength. Fig. 9 shows the grain growth of the FS30 sample with the increase in the sintering temperature above 1850 o C. The densification of Si 3 N 4 using Lu 2 O 3 -based sintering additives has mostly been performed by hot pressing. Guo et al. reported that full densification of Si 3 N 4 containing 6.25 wt% of Lu 2 O 3 was achieved after hot pressing at 1950 °C for 1 h under 20 MPa pressure. The strength of the resultant specimens was 1.1 GPa.
5) The maximum strength of the SRBSN in the present research (991MPa) was among the highest values ever reported for a material fabricated by GPS. Fig. 10 shows the effects of the fine Si content and sintering temperature on the fracture toughness of the SRBSN. Sharp rising R-curve behavior occurred, which is an important characteristic of tough ceramics. The value was improved with an increase of the temperature because large and elongated Si 3 N 4 grains induced crack bridging and crack deflection. The effect of the addition of fine Si did not have a strong effect on the fracture toughness.
Conclusions
The sinterability and mechanical properties of SRBSN were improved by adding crushed Si powder because the fine particles improved the green density and promoted the formation of fine Si 3 N 4 . The sinterability of the specimens improved with the increase of the fine Si content. As a 
